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REPORT SUMMARY

The IVY OWL program requires knowledge of the rate coefficients of
metal atom/O; reactions and their temperature dependences. A unique type
of apparatus, the high-temperatuve fast-flow reactor (an adaptation of the
steady state flow reactor suitable for measurements at temperatures up to
2000 K) developed at AeroChem under carlier contracts, allows the nieasure-
ment of such rate coefficients. Inthe preceding ARPA supported work under
contract DASA 01-70-C-0152-P00001 (J88), the rate coefficient for the Fe/O,
reaction was determined at 1600 K. In the present work the rate coefficient of
the Al/O, reaction has been measured over the 1000 - 1700 K range.

Rate coefficients are obtained from the observed variations in

relative metal atom concentration as a function of reaction time, O, concen-
tration, total pressure and temperature. In our earlier work, relative metal
atom concentration, [Mc]rel’ was obtained via optical absorption measure-
ments of the radiation from (narrow line) hollow cathode lamps. In the course
of the present work the apparatus was modified to also allow [Mc]rcl measure-
ments via fluorescence. Apart from the enhanced confidence in the results
provided by a second measurement technique, the = 100-fold decrease in
[Me]initial measurable in fluorescence considerably enhances the versatility

of the apparatus by allowing a decrease in temperatures at which reactionrate
coefficients can be measured. Thus, the temperature range over which rate
coefficients can be obtained, as well as the number of atomic metal species
which can be studied, is increased. This reactor modification is discussedin
Section 11. A, which also contains a discussion of the two types of atomic Alevap-
oration sources (Al-filled boron nitride crucibles and Al-wetted tungsten wires)
developed in the course of this work.

Data were obtained by traversing the O, introduction nozzle (located
downstr.am from the metal atom source) and by making fixed nozzle position
{time -integrated) measurements. The latter method requires less time to
make measurements and was found to give results identical to the former,
more accurate, method. The procedures for obtaining rate coefficients in
cach of these modes from both absorption and fluorescence measurements are
discussed in Section II. B.

In Section 1II the results of the measurements are given and discussed.
From measurements over the 10 to 50 Torr pressure, 20 - 120 msec ! flow
velocity range, the homogeneous gas-phase reaction is shown to be

Al + O = AIO + © (1)

with a rate coefficient of (3 # 2)X107"" ml molecule ! sec™ between 1000 and
1700 K. Evidence was also obtained for hetcrogeneous oxidation of Al in the




presence of O,. Whereas for the Fe/O, system only a heterogeneous process
of zero-order in [O,] was observed, in the A1/0O, systen: two heterogeneous
processes are evident: a process of zero-order in [O,] with a wall oxida-
tion coefficient, Y, of (4 + 2) X10°% and another, first order in [O,], which at
the highest [O;] used proceeds at a rate comparable to the zero-order process.
It is speculated that the zero-order process is due to chemi-sorbed O, while
the first-order process is due to adsorbed O, in equilibrium with gas-phase
O;. Although the surfaces encountered in the present work are rot identical
to those found in environments of ARPA/DNA interest, it is important that
calculations on disturbed atmospheres take into account the possibility that, at
low pressures, heterogeneous oxidation may dominate. (The transition
regime between homogeneous and heterogeneous reaction domination was 1 to
10 Torr in the present work,)

In Section IV the (probably small) T-depender.ce of k; which may have
to be considered for extrapolations to lower temperatures, is discussed. We
arrive at a recommended value for general calculational use of

1
k; = (1.4 £0,9) (T/300) /2 X 10711 ml molecule™ sec™!

Comparison of this result with the few others available for reactions of the
type

Me + O = MeO + O (2)

suggests that the expression

1
k, = 3X10°11%!1 (T/300)/z exp(-AH/RT) ml molecule ™! sec™!

where AH is the endothermicity of the reaction, can be used to estimate rate
coefficients of metal atom/O, reactions if no reliable experimental measure-
ments are available. For metal atom wall oxidations zero-order in [O,]

Y = 107! is the recommended estimate.
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FOREWORD

In this final report the results of the experimental work performed
under Contract DNA 001-72-C-0206-P00001 (J104) are discussed and general
implications for reactions in metal atom/O, systems are deduced. The pres-
ent report incorporates the results previously discussed in an interim report
entitled "Kinetics of Metal Atom Oxidation Reactions, " DNA 30112,
AeroChem TN-151, NTIS AD 756 644 (November 1972) by A, Fontijn,

W. Felder and J.J. Houghton. The interim report now may be regarded as
having been superseded.
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I. INTRODUCTION

The kinetics of the reaction of O, with neutral Al atoms has been
measured over the 1000 to 1700 K range. The reactor used is the AeroChem
high-temperature fast-flow reactor, suitable for the study of the kinetics of
gaseous species at temperatures from about 300 to 2000 K.' In earlier work,
this reactor was used for the study of the Fe + O, »FeO + O kinetics at
1600 K.>? In the course of the present work, the apparatus has been further
improved and simplified. It has also been made more versatile by the addi-
tion of a third optical port, spaced at 90° from the original two opposing ports,
tc allow fluorescence measurements to be made. In the apparatus, as used
in the present work, Al is vaporized and entrained in an Ar stream; O; in
excess is introduced through a movable nozzle situated downstream from the
Al source (see Fig. 1). Rate coefficients are obtained from the obscrved
variations in relative Al concentration, [Al]rel (measured optically in absorp-
tion or fluorescence) as a function of reaction time, [OZJ, total pressure and
temperature.

1I. EXPERIMENTAL

A. Apparatus and Materials

A cross section of the apparatus as presently constituted is shown
in Fig. 2. Pt-40% Rh resistance wire is wound directly along the grooved
(0.8 cm pitch) outside wall of the 95cm long, 3.2cm o.d., 2.5cm i.d.

998 alumina (99.8 % Al O3) reaction tube. A 5.1 cm o.d., 4.5cm i.d. 998
alumina tube surrounds the reaction tube and serves as the inner support for
a Zircar blanket (a flexible zirconium oxide product from Union Carbide)

Fontijn, A., Kurzius, S.C., Houghton, J.J., and Emerson, J.A.,
"Tubular Fast Flow Reactor {or High Temperature Gas Kinetic Studies, "
Rev. Sci. Instr. 43, 726 (1972).

: Fontijn, A. and Kurzius, S.C., " Tubular Fast-Flow Reactor Studies at
High Temperatures. I. Kinetics of the Fe/O, Reaction at 1600 K,"C hem.
Phys. Lett. 13, 507 (1972),

3

Fontijn, A., Kurzius, S.C. and Houghton, J.J., "High-Temperature

- Fast-Flow Reactor Studies of Metal Atom Oxidation Kinetics, " Four -
teenth Symposium (International) on Combustion (The Combustion
Institute, Pittsburgh, 1973), p. 167.
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which is the principal heat shield. A 15 ¢m diam cylinder of molybdenum
sheet (0.05cm thick) surrovading the Zircar holds it in place.

This configuration reduces the power consumption of the vacuum furnace
considerably from the configuration of Ref. 1, e.g. by a factor of 2 at 1700 K.
No resistance wire buen-out or reaction tube fracturing has occurred in the
approximately 10 months in which we have continuously used the apparatus in
its present form.

The hght source indicated in Fig. 1 is a hollow-cathode Al lamp.
The detector in the absorption measurements is a 0,5m Ebert monochro-
mator with an HTV RZ212 photomultiplier tube. In the fluorescence experi-
ments an EM1 9635QB photomultiplier tube is used in combination with a
303.0 - 314.0nm bandpass-at-half-width interference filter. The exciting
radiation is chopped at 140 Hz and the modulated output of the photomultiplier
tubes is detected with a lock-in amplifier,

Two types of Al source were developed and used in the course of
this work, resistance heated Al-wetted tungsten wires and Al-filled boron
nitride crucibles:

(1) Wires. These were prepared fr o m Mathis Co. F-13 three-
stranded helical (7.5 X10"2cm diam strands) W coils. Half of eve ry second
turn was wrapped with 1.5 X 10" cm diam Al (99.999%) wire and the combina-
tion was resistance heated in a bell jar under vacuum (0.5 Torr) to above the
melting point of Al., Rapid heating to white heat followed by immediate cutoff
of the current gave best results, Slow heating results in fragile wires and
carries the risk of oxidation. The Al-coated wires were placed on top of the
alumina vaporizer tube! and fastened to two Mo rods with Pt wire. The Mo
rods pass through tl. 2 vaporizer tube and are connected to a 50 A dc power
supply. These wire sources are much easier to prepare than the crucibles
and, after introduction into the reactor, yield a stable Al flow through the sys-
tem in a shorter time than do the crucibles. The wires are the preferred
method and were used almost exclusively in the latter part of the work.

(i1) Crucibles., Wide-lipped, 4 cm deep, l cm i.d. crucibles, pre-
heated to = 1100 K under vacuum in the bell jar, and brought up to 1 atm
pressure with Ar were half-filled with the Al wire. The Ar pressure was
then slowly reduced to 1 Torr, and the crucible kept hot until the molten Al
stopped bubbling. After cooling, the crucible was placed in the vaporizer
tube (with the lip resting on top of this tube) and inserted into the most up-
stream of the three separately heated contiguous reactor sections. To pro-
vide an adequate Al flow, the section containing the Al source was kept at
1600 to 1700 K, independent of the reaction zone temperature used. This
procedure was used because direct resistance heating of the crucibles gave
less steady Al flows and caused occasional boil-over resulting in resistance
wire burn-outs and damage to the reaction tube.




The O, inlet (which required frequent replacement) was of the
multiperforated distributor ring type described previously.! The large rate
cocfficient of the Al/O, reaction makes it necessary to work with small [0,].
We used 10% O, in Ar to obtain conveniently measurable O, flow rates, In

a few experiments at relatively high [O;], undiluted O, was used with no
effect on the results, These gases passed through activated alumina drying
columns prior to flowing into the reactor. The bath and sweeper gas Ar
were obtained from high purity (99.993% min) liquid Ar containers. 1% O,
was added to the sweeper gas to (i) remove any Al which could diffuse out of
the reaction tube into the sight tubes? and (11) protect the Pt/Rh resistance
wire. The swecper gas volume flow rate was about 10% that of the bath gas.
In a few early experiments N; rather than Ar bath and sweeper gas was used.
The results of rate coefficient measurements obtained using N, were consis -
tent with those obtained using Ar; however the raw data were of lower quality
and the use of N; was discontinued.

B. Procedures

Two methods have been used for obtaining rate coefficients from the
measurements of [Al]rol = [AIJ/[AI]i. Here, [Al]i denotes initial Al concen-
tration in the absence of 0, and [Al_I the concentration of Al at the observation
port after O, addition. In the first (most frequently used) method the O,
nozzle is traversed along the reactor axis; in the second method it is fixed at
a distance x from the observation port. The first method is identical to that
discussed in Ref. 3 and yields k¢ by way of the intermediate measurement
of pscudo-first order rate coefficients, k,g , via the differential equation
-d[Al); ) /dt = kpg [All o), deen Ko = -dln‘[Aljrel/dt. From the local slope
a= dlnTAl]rel/dx of the data plots (see Fig. 3), kps, is obtained via the
equation?

kpsl e Ma¥ (A)

In Eq. (A) n1s a factor equal to 1 for plug flow and approximately equal to 1.6
for parabolic flow,* and ¥V is the mecan bulk linear gas velocity. The right
hand side of Eq. A could also include® a factor (1 + a DAI/ V), where Dy, is
the diffusion coefficient of Al in Ar, to account for back diffusion. However

*  Ferguson, E.E., Fehsenfeld, F.C., and Schmeltekopf, A.L., "Flowing
Afterglow Measurements of lon-Neutral Reactions,'" Advances in Atomic
and Molecular Physics 5, 1 (1969).

5

Kaufman, F., "Reactions of Oxygen Atoms, " Progress in Reaction
Kinetics 1, 1 (1961).

9

Py

i
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under the conditions of our experiments this factor amounts to at most a few per-
cent correctionand was neglected. For our calculations we have taken 7 to be
1.3 (£ 0.3). In general kpsl contains contributions from a number of terms

kpsl . kW + kI[OZ] % kH[OZ][M]t (B)T

where k, is the zero-order wall contribution and k, and k;; are the rate
coefficients for binary and terrary Al oxidation. A plot of kpsl vs. [0,] has
the slope kypg = kp + kH[M]. Such a plot is shown in Fig. 4. When fixed
nozzle position data are taken, [Al] sl is plotted directly versus [0,]. The
governing time-integrated equation is

- m[Al]rel = kgt + kobs[Oz]t (C)

Hence the slope of such plots, e.g. Fig. 5, is K psti Kobg 18 obtained by
dividing this quantity by t = x/n V.

In the majority of experiments [Al] e] W€ measured via absorption
(see ¢.g. Figs. 3 and 5), and in the remainder via fluorescence (sce e.g.
Fig. 6). In absorption®® the Lambert-Beer relation is used,

(ALl = In (L,/1), (D)
where Iy and I are the transmitted light intensities in the absence of Al atoms

(excess O, introduced) and in the presence of Al atoms, respectively. In
fluorescence,

(Al = F/F, (E)
where F and F, are the fluorescence intensities in the presence and absence
of O;, respectively, (E) is derived from the expression for fluorescence

intensity:

F = G10¢[Al] (F)

'

It will be shown in Section III that this general formula should be rewritten
to describe our findings on the Al/0, system as

kps, = ky, + (ki +k*P1)[0,]

where k, is the rate coefficient of the homogeneous reaction Al + O, - AlO ¢+
O and k* a first order wall-recombination coefficient.

10
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where I is the lamp intensity, 0 is the resonance absorption cross section,
{ is the length of the fluorescing region, and G is a constant instrumental
factor which includes the solid angle subtended by the detector, photomulti-
plier tube (PMT) sensitivity, e¢tc. (F) is valid under optically thin conditions
(no re-absorption of the emitted photons) and negligible quenching, but (E) is
valid under optically thin conditions provided only that quenching of excited
Al atoms before they fluoresce is constant. The constant quenching condition
is fulfilled here, as can be seen from the following argument: Under the
constant flow conditions of the present measurements, only a change in chemi-
cal species can affect the quenching rate, and the only change in species pres-
ent during a measurement is from Al to AlO and from O, to C. Now, [A10]
and [O] are £ 10'* ml17! and, even assuming a large quenching rate coefficient
of 107'% ml molecule™ sec™, they can affect Kps, by less than 102 sec ™!,
which is less than 10% of kp, (cf typical values of kpg in Figs. 3 and 6).
The range of optically thin condltlons was determined from a curve-of-growth,
i.e, by making a normalized plot of fluorescence intensity versus [Al]. At
low [Al], the plot is linear with unit slope; at higher densities it deviates due
to rc-absorption. The linear region is the optically thin range of [Al], which
was found to extend to about 35% absorption ( [Al] = 10! ml™!, sece below).

Two Al lines of different oscillator strength (309,3nm, gf = 1.08 and
394.4nm, gf = 0. 23)6 were used in the absorption measurements; only the
309.3 nm line was used in the fluorescence studies, Initial Al concentrations
giving 50 to 90 % absorption were used in the absorption studies. For the
fluorescence work [Al], values giving 2 to 7% initial absorption were chosen,
It follows from the Lambert Beer equation that the values of [Al] used in this
work spanned a range of a factor of more than 100, From Llnevsky s data,’
the highest [Al], values used were =5 X 10'2 m17! at 394,4nm and = 1 X
101 m1~} at 309, 3 nm.

Reaction tube gas stream temperatures were measured with a
0.025cm diam Pt/Pt-10% Rh thermocouple attached to the movable O, inlet.
When nozzle traverses were used, T was measured at each nozzle position at
which a measurement of [Al]rel was made. T 1s taken as the mean of the gas
temperature over the linear region of the data plots, i.e. over the useful
length of the reaction tube (compare Figs. 3 and 6), cf. Refs. 1-3, The

6  Wiese, W.L., Smith, M.W. and Miles, B.M., Atomic Transition
Probabilities, NSRDS-NBS 22, October 1969.

Linevsky, M.J., "Study of Optical Energy Transfer Processes,' General
Electric Co., Space Sciences Laboratory, King of Prussia, Pa.,
RADC-TR-69-97, July 1969.
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temperature variation over this region was #+ = 25K. In experiments using a
fixed O, inlet position, T was determined before O, addition by moving the
nozzle to positions 12, 7 and 2cm upstream from the observation ports and
then moving it back to the 12cm position used for the rate coefficient measure-
ment.t In most of this work an effort was made to keep T close (% 25K) to

the selected temperatures (1000, 1200, 1400, or 1700 K) by adjusting current
flows through cach of the three furnace zones. When it became apparent that,
within the accuracy of the data, kg is independent of T over this range, this
requirement was relaxed, thus considerably reducing the time required to
obtain data.

1 Mecasurements were also made at 7cm from the observation ports, but
these were rejected because they showed a marked decrease in the values
of their intercepts (cf. Fig. 5) with increasing pressure. The data
obtained at 12 cm did not indicate such a trend, indicating that mixing
times were sufficiently long to compensate for flow disturbances caused
by the observation ports. This is consistent with the "bending over"
observed in some plots of [Al]rel versus distance. Insuch cases, measure-
ments made within a few cm of the observation port indicate an insufficiency
of Al (less than the extrapolated straight line value) indicative of mixing

inadequacies.

16




TP-299

1II. RESULTS AND DISCUSSION

The rate coefficients observed and the conditions under which they
were obtained are summarized in Table 1. The k4 values measured are
plotted against pressure in Figs. 7 to 10. These figures differ in that the
shapes of the data points (the cross plots) show the effect of T, ¥, the
measurement method and the Al-introduction method, respectively; the actual
data points are the same in each figure. Figure 7 indicates that k¢ is
within the accuracy of the data invariant with T over the 1000 - 1700 K range.
Figure b indicates kol?s to be independent of average gas flow velocity at least
from 20 to 120 msec™*; the values at velocities > 150 msec! are not consid-
ered further in the analysis because they appear to be consistently somewhat
higher than those obtained at the lower velocities (although within the accuracy
of the measurements such inclusion would have a negligible effect). Neither
Fig. 9 nor 10 shows any dependence of k_, . on the cross-plotted quantities.
The measurements indicate k_, . to be independent of pressure over the 10 to
50 Torr range, indicative of the two-body process:

Al + O, = AlO + O(AH = 0kcal mole™!, cf. Refs. ¥-12) (N

The mean rate coefficient k; obtained from the 10 to 50 Torr data is 3.3 X
10" ml*molecule”™ sec”™!. The normalized standard deviation of this deter-
mination of k; is 52%. Allowing for a possible 20% systematic error and the
23% uncertainty in n,% the total uncertainty in k, is about 60 %.

JANAF Thermochemical Tables (Dow Chemical Co., Midland, Mich.),
June 1971,

Uy, O.M. and Drowart, J., '"Determination by the Mass Spectrometric
Knudsen Cell Method of the Atomization Energies of the Gaseous
Aluminum Chalcogenides, Al;, AlCu, AlCuS and AlCuS,," Trans. Faraday
Soc. 67, 1293 (1971).

10 parber, M. Srivastava, R.D. and Uy, O.M., '"Mass Spectrometric
Determination of the Thermodynamic Properties of the Vapor Species
From Alumina, " J.C.S., Faraday I 68, 249 (1972).

11 Hildenbrand, D.L., '"Dissociation Energies of the Molecules AlO and
Al;0," Chem. Phys. Lett. 20, 127 (1973).

12

Zare, R.N., Columbia University, July 1973 (private communication to
A. Fontijn).
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The increase in k¢ at pressures below 10 Torr suggests that the
second order term kl of Eqs. (B) and (C) can be rewritten as

k. = k +k*P} (G)

I
: A least squares fit of the data to this general formula is shown in Fig. 11.
The value of k; obtained in this manner is (3.7 % 14 %) X 10°!* ml mole-
cule™? sec™!. The shape of that plot (which still shows perceptible curvature
‘ at 10 Torr) suggests yet another method for obtaining k, using only data
:' obtained at or above 15 Torr, which would yield k; = (2.9 # 55%) X 107! ml
| molecule™! sec~!. These latter procedures appear somewhat less reliable
than the first method since they rely partially on consideration of measure-
ments in a pressure regime where another process (the nature of which is
discussed below) is measurably influencing the data. However, within the
accuracy of the data it makes essentially no difference which procedure is

followed.

Thus, the recommended value for k; from the present data is (31—.2) X
10° ml molecule™ sec™!. To our knowledge this measurement constitutes the
first experimental determination of k). In view of the approximate thermo-
neutrality of the reaction, the zero activation energy indicated by the apparent
temperature independence of k; over the 1000 - 1700 K range is very reasonable.

In the study of the Fe/0,% and Na/O,/M® reactions, the dominant
reaction near 1 Torr was observed to be a rapid wall reaction zero-order in
[0,], (YFe,1600 K > 10°%; YNa, 1200K = 107%), Zero-order wall reactions were
evident also at higher pressures from the positive intercepts of plots of kpS|
vs. [0,], i.e. the contribution of k,, of Eq. (B). Although a zero-order
reaction is nowhere dominant in the Al/O;_ work at the pressures investigated,
its occurrence is again manifested in the intercept of plots such as
Figs. 4 and 5. The intercept k values measured for the experiments of
Table lare given in Table 2 1 Also given in that table are the diffusion-
limited®'* values Ky Aige = 23.2d"%? D and 14.6 d™* D corresponding to plugand
parabolic flow, res[;cctivelyi (d = reaction tube diameter). The diffusion

t It should be emphasized that the measurements of heterogeneous oxidation
rates were incidental to the present study., The data obtained show consid-
erable scatter, probably due to the fact that prior exposure and age of the
reaction tube will have an effect on these rates but cannot be quantitatively

accounted for in the analysis.

! Use of these expressions assumes non-turbulent flow which, in the
present work is reasonable: Reynolds numbers never exceeded 300,
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TABLE 2. SUMMARY OF MEASUREMENTS OF THE HETEROGENEOUS
RATE COEFFICIENTS OF THE Al/O, SYSTEM®

i = * -1
A L loz]max T kw,ubn kw,dil’l’ (plug) kw,dn(l’ (pamminats) l‘w 4 [ol]max

v
(nmy) (10" ml! (K) {m sec ﬂ) (l()’ sec”!) (10’ sec”!) _UO’ sec”t) (10’ Aec ")

309.3 5.7 1705 0.35 0.17 0.1¢
309.3 1727 0.22 0.17 0.25
309.3 1714 1.15 0.63
391.4 1714 1.15 0.77
309.3 1682 1.05 1.26
309.3 1698 1.20 . 3.01
5993 1702 2.10 3.01
394.4 1713 2.25 5.8

309.3 1399 ; 1.40 0,37
309.3 1397 0.58 0,47
309.3 1492 1.15 0.29
309.3 1489 1.11 9 0.40
309.3 1396 1.80 d 0.62
309.3 1399 0.80 5 0.96
394.4 1411 1.48 9.495
394.4 1495 1.38 S 0.51
309.3 1500 2.26 0.46
309.3 1460 2.55 0.50
309.3 1419 2.7u 3 1.42
394,14 1435 3 3.70 g 1o 32
371.4 1411 1 2.85 2.74
309.3 1431 1.20 o 0. 73
309.3 1415 1.35 0.71
309.3 1416 1.65 0.60
309.3 1400 2.15 1.5¢0
309.3 1452 0.53 0.44
I 1400 4.25 2.08
309.3 1447 3./20 1.40
3N 1418 3.25 2,55
309.3 1417 1.01 1.10
307.3 1409 1.80 0,88
309.3 1399 1. 40 1.21
WA 309.3 1429 2,80 1.45
CA 30,3 1406 3.25 2.40
CA 309.3 1117 2.25 3.04
WA 309.3 1421 1.20 0,99
WA 394.4 1488 1.50 1.78
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The 1udividual experime.ts are the same as those given v, Table 1,

y Lhe tirst letter preceding the wavelength, C or W, 1udicates whether a crucible ur wire source Al vaporizer was used. The second

lette - preceding the wavelength, A o F, andicales whether absorption or fluorescence measurements were made.
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coefficients of Al in Ar were calculated via the procedures of Reid and
Sherwood,' as 2730, 1920, 1450, and 1040 cm® sec™! at 1 Torr and 1700, 1400,
1200, and 1000 K, respectively. For the four data points cbtained at 1700 K
and low pressures (1-5 Torr), the observed values, l\av,obs’ are less than the
diffusion-limited \alues allowing the calculation of Y via the usual® simple
kinetic theory ijormula® ¥ = ky, 4 vl (Volume/Surface Area), where v is the
mean thermal velocity of the Al atoms. The value of Y thus obtained, taking
into account systematic errors and the uncertainty in m, is (4 £ 2) X10-2, The
values of KN,ObS are only, on the average, about a factor 2 less than the
diffusion-limited values in the 1-5 Torr range, while k, ,obs 18 larger than
kW diff t higher pressures, It is probable that meast rements of Y were
poss1ble only near 1700 K because, at thuse temperatures, the [Al] in the
reaction zone did not exceed equilibrium values (the Al vaporizer crucibles
were kept at 1600 to 1700 K for experiments at all temperatures, cf. Sec-
tion II. A). At lower temperatures Al particles, which may act as heteroge-
neous reaction sites, could form. If Al particles are respounsible for the
excess surface available then it might be expected that:

(i) Data obtained in fluorescence would show a marked decrease in
surface effects relative to data obtained in absorption because of the
smaller amounts of Al present. For the same reason, but to a lesser
degree, a decrease should also be evident in comparing 309, 3 to
394,4 nm absorption data.

(ii) Data obtained using the wire source would show smaller effccts due
to particles than those obtained using the crucible source since it was
found that less Al needed to be evaporated from the source to obtain
similar Al concentrations at the observation port; i.e. less Al is
available to form particles.

The data show such trends, especially with (ii), although no very marked
deviations appear. Reaction sites provided by Al oxide particles might also
play a role, since quite possibly the number of such particles also increases
with decreasing : o

Wh11e in the Fe/O, work only a zero-order (in [0,]) wall reaction was
evident,? the increase in kobs Al/Oz) below 10 Torr (shown in Figs. 7 through
11) is evidence for a heterogeneous reaction first order in [0,]. From the
measured value of k* ( Eq. G and Fig. 11) of this reaction we can calculate a
k* =k*P l[Oz] - for every row of Table 2, It may be seen from Table 2
that ky and kw are of similar magnitude.

13 Reid, R.C. and Sherwood, T.K., The Properties of Gases and Liquids,
2nd Ed. (McGraw-Hill , 1966), pp. 523-535,
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The occurrence of a wall reaction with a rate « [0,] is indicative of
surface sites on which the O, population is linearly proportional to the gas
phase [0,] (in addition to sites of a different nature where saturation of the
oxidant is already achieved at the lowest [0,] used, i.e. sites of zero-order
wall reaction). A possible explanation of this difference can be given by
assuming that the first order process is due to reaction of O, molecules
reversibly adsorbed on the walls

Al + O,—wall — AlO, + wall (3)
and the zero-order process is due to reaction of chemi-sorbed oxygen
Al + O—wall — AIO + wall (4)

The O formed on the surface would not come rapidly to equilibrium with gas
phase O,. It is interesting to observe that while free AlO, is a known spe-
cies®’1%* FeO, is not known, i.e. FeO is apparently the only possible primary
Fe oxidation product (excluding the possibility of a reaction like (3) in the Fe/
O, system). The Fe/O, system also differs from the Al/C, system in that

FeO formation is strongly endothermic (20 kcal mole'l). It will be interesting
to see, when other metal atom/O, reactions are studied in the present type
reactor, whether any general correlations of this nature become evident.

4  Farber, M., Srivastava, R.D. and Uy, O.M., "Mass Spectrometric
Determination of the Heat of Form' tion of the AlO, Molecule, " J. Chem.
Phys. 55, 4142 (1971).
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IV, CONCLUSIONS AND RECOMMENDATIONS

In this work the homogeneous gas -phase reaction between Al/O, has
been shown to proceed via

Al + O, = AlIO + O (1)

with a rate coefficient of (3 £ 2) X 10! ml molecule~! sec” with no measur-
able activation energy. Actually k; must have some temperature dependence
because of the T”? factor in the general collision frequency equation. Within
the scatter of the experimental data such an effect is too small to be evident
from the present 1000 - 1700 K data. Since extrapolation to lower tempera -
tures is of interest to ARPA/DNA, this effect should be taken into account.
Taking our k; measurement as that for 1350 + 350 K and expressing it in the
general form used in the DNA Reaction Rate Handbook, we obtain

1
k;, = (1.4 %£0.9) (T/300) /leo-“ ml molecule ! sec”!,

There is in principal no reason why our measurements could not be extended
to lower temperatures, although the variation Jooked for would be very small
and the accurzcy with which data need to be known may not require further
measurements. We have performed some exploratory experiments which
showed that Al in quantities measurable via fluorescence could be entrained
from the source to the observation window at temperatures as low as = 350 K.
This temperature is that of the Ar stream heated only by its passage over the
crucible Al-source vaporizer; by cooling the reactor temperatures as low as
200 K could probably be investigated.

It is interesting to compare the rate coefficients now available for
reactions of the general type

Me + O; = MeO+ O (2)

where Me is metal atom. These reactions are, in addition to (1):

Fe + O, = FeO+O AH = 20 kcal mole~! (5)
U + O, = UO +0  AH = -62 kcal mole™! (6)
Sr + O, — SrO + 0O AH = 5 kcal mole ™! (7)
Ba + O, = BaO+0O AH = -14 kcal mole ™! (8)

ks, obtained from our measurement at 1600 K and the assumption that the
activation energy equals the endothermicity of the reaction, is®:?
2%x1071 exp(-10,000/T) ml molecule™! sec™!, k¢ has been obtained near
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room temperature in Fite's thermal beam work!® as 1 X107!° ml mole-

cule™! sec™. k; and k4 can be estimated from the velocity-selected crossed-

beam work of Batalli-Cosmovici and Michel'®:!7 as 8 X 10-!! exp(-2650/T) and
9 X 10°'2 ml molecule~! sec™!, respectively; kg has no measurable T-

16 Thus the pre-exponential factors of the rate coefficients vary
from = 0,03 to 1 times the collision frequency rate coefficient, Generalizing
these results, we recommend, for estimates of other reactions of type (2) for
which rate coefficients may be required in ARPA/DNA programs, the value
kz = 3 X101 *1(T/300)¥2 exp(-AH/RT) ml molecule ™ sec-!, where AH is
the endothermicity of the reaction, Such estimates are of course considerably
less reliable than actual experimental measurements of the rate coefficients.
Further confidence in the estimate of ky may be obtained from the work of
Zare et al'®!'? which indicates that the rate coefficients for MeO formation in
the oxidation of Ca, Sr and Ba by N;O and NO; arc of the same magnitude.

dependence.

Our results indicate that, at 1700 K,zero-order wall oxidation of Al
occurs with a Y of (4 £ 2) X107%, Similar Y's were obtained in our reactor for
Fe at 1600 K (2107') and Na at 1200K (= 103, Thus zero-order wall recom-
bination with Y's of 107! to 1072 appears to be quite common for Me/O, sys -
tems. The additional first order heterogeneous oxidation process observed
for Al/O, may be exceptional. Its magnitude at [0,] = 10" to 10** mole-
cule ml~! is comparable to that of the zero-order heterogeneous process.
Though the surfaces in our reaction tube are different from those encountered
in systems of ARPA/DNA interest it is useful to realize that under appropriate
conditions heterogeneous oxidation rates may exceed homogencous oxidation
rates.

I Fite, W. L., Extranuclear Laboratories, Inc., Pittsburgh, Pa.,
May 1973 (private communication to A. Fontijn).

¢ Batalli-Cosmovici, C. and Michel, K.W., "Molecular Beam Study on
BaO and SrO Formation for Clarifying Interaction of Metal Vapors with
Upper Atmosphere Oxygen," Planet, Space Sci. 21, 89 (1973),

17 Batalli-Cosmovici, C. and Michel, K.W., "Reactive Scattering of a
Supersonic O; Beam on Ba Atoms,'" Chem. Phys, Lett. 11, 245 (1971).

¥ Jonah, C.D., Zare, R.N. and Ottinger, Ch., "Crossed-Beam Chemi-
luminescence Studies of Some Group Ila Metal Oxides,'" J. Chem. Phys,
56, 263 (1972).

19 Ottinger, Ch. and Zare, R.N., '"Crossed Beam1 Chemiluminescence, "
Chem. Phys. Lett. 5, 2i3 (1970).
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